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Abstract 
Dye-sensitized solar cells (DSCs) have emerged recently as low-cost photovoltaic devices, giving impressive photovoltaic 
conversion efficiencies. However, the use of organic solvent-based liquid electrolytes in DSCs arises many problems in long-
term applications. To overcome the drawbacks associated with the liquid electrolytes, quasi-solid-state electrolytes have been 
introduced. Hence, this study is focused on preparation of a novel gel electrolyte system using fumed silica as the gelling a gent, 
J-butyrolactone (J-BL) as  the plasticizer, tetrapropylammonium iodide (Pr4N+I-) as the salt and iodine. DSCs were assembled 
according to the configuration of glass/FTO/TiO2/dye (N719)/gel electrolyte/Pt/FTO/glass. The cell performances have been 
studied, by varying the amounts of Pr4N+I- salt and plasticizer in the gel electrolyte, in order to obtain the optimum conditions . 
The gel electrolyte containing weight percentages of 77% of J-BL and 23% of Pr4N+I- salt gave the best light-to-electricity 
conversion efficiency of 6.33%, saturated current density of 15.7 mA cm-2 and open circuit voltage of 0.636 V under simulated 
AM 1.5 irradiation. Here, I-:I2 molar ratio was kept at 10:1 in the optimized gel system and fumed silica was added 10% of the 
total mass. The optimized gel composition is exhibited an ionic conductivity of 8.69×10-3 S cm-1 at 25 oC.  
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Dye-sensitized solar cells have attracted worldwide attention as a promising alternative to high -cost silicon solar 
photovoltaics, due to their low-cost and easy fabrication from relatively impure materials [1]. Although, the 
conventional Grätzel cell has achieved an overall light-to-electricity conversion efficiency of 11%, the use of a liquid  
electrolyte in the cell can cause leakage problems, solvent evaporation, sealing imperfections and stability problems 
in the long run. To overcome these major drawbacks of the liquid-type electrolyte, many attempts have been made to 
replace those with solids [2] o r quasi-solid-type electrolytes [3,4]. Cells employing solids and quasi-solid-state 
electrolytes possess lower conversion efficiencies, but they have better stability compared to liquid -type electrolytes. 
When solid-state electrolytes are compared with gel electrolytes, gel electrolytes show relatively high ambient ionic 
conductivities (~10-3 S cm-1), fast ion transport, plasticity and electrochemical stability due to their cohesive nature 
of solids and the diffusive nature of liquids. Therefore, several types of gel electrolytes have already been used in 
quasi-solid-state, dye-sensitized solar cells. Gelation of the liquid-state electrolytes can be achieved with polymers 
[5], low molecular weight gelators [6] or by incorporating nanoparticles as inert fillers [ 7]. This paper reports a 
polymer-free, novel, quasi-solid-state gel electrolyte consisting of J-butyrolactone (J-BL), tetrapropylammonium 
iodide, iodine and fumed silica nanoparticles. Here gelat ion of the liquid electrolyte was  attained by using fumed 
silica which is an amorphous, nonporous and electrochemically inert material. These SiO2 nanoparticles are 
synthesized by the flame hydrolysis of SiCl4 in H2 and O2 and particle sizes are in the range of 7-40 nm with high  
surface area (50-400 m2/g) [8]. These nanoparticles are capable of making thixotropic gels by making network 
structures in liquids via hydrogen bonds with their surface silanol groups [9, 10]. However, degree of formation of 
the network structure mainly depends on the fumed silica weight fraction, type of silica whether it is hydrophilic or 
hydrophobic and nature of the solvent [8]. Cyclic carbonates, end-capped oligoethers and higher n-alkanols can be 
used as solvents as they weakly interact with the surface silanol groups. These solvents allow silica particles to 
directly interact with each other through hydrogen bonding via the surface silanol groups and such bonds throughout 
the matrix tend to convert the liquid to a gel [11]. The above prepared gel was sandwiched according to the 
configuration of glass/FTO/ TiO2/N719 dye/corresponding gel electrolyte/Pt/FTO/glass and their solar cell 
characteristics were determined.  
2. Materials and methods. 
J-butyrolactone (J-BL), tetrapropylammonium iodide (Pr4N+I-), fumed silica (powder, 7 nm), iod ine, acetic acid, 
ethanol, triton X-100 and t itanium isopropoxide with purity>99% were purchased from Sigma -Aldrich. N719 dye 
was purchased from Solaronix and all the chemicals were used as received.  
2.1. Preparation of the quasi-solid-state electrolyte.  
First, Pr4N+I- salt was dissolved in J-BL by varying the mass percentage of  Pr4N+I-  from 10% to 25% along with 
mass percentage of J-BL from 90% to 75%. After dissolving the salt, iodine was added to the mixture keeping the 
total I-: I2 molar ratio at  10:1. Then, fumed silica was added to the mixture at 10% of the total mass of J-BL and salt. 
This mixture was stirred for 24 hours and, subsequently, allowed to form a gel, at room temperature. 
 
2.1. Assembling the quasi-solid-state dye-sensitized solar cell.  
 
    First titanium isopropoxide (20.00 cm3), acetic acid (2.50 cm3), ethanol (25.00 cm3 ) were mixed and steam was 
passed until it  turned to a light blue colour. Then de-ionized water (50.00 cm3) was added to the above mixture and 
stirred. Next , this mixture was auto claved at 150 oC for three hours to obtain the titanium colloidal solution. Next, 
titanium co llo idal solution (20.00 cm3), acetic acid (5.50 cm3), triton X-100 (5 drops) and ethanol (20.00 cm3) were 
mixed and sprayed onto the previously cleaned (with water using a detergent followed by u ltrasonic clean ing in  1:1 
v/v mixture of ethanol:acetone) FTO glass substrate (15 Ω cm-2) which was heated to 150 oC on a pre-heated hot 
plate. Next, the cells were sintered at 500 o C for 30 min and allowed to cool to 80 oC. Then, the cells were immersed 
in a N719 dye solution (3x10-4 M), for 12 h. Finally, the gel electrolyte prepared was sandwiched between dyed 
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TiO2 working electrode and the lightly-platinized counter electrode. 
 
2.3. Measurements 
 
    Ionic conductivities of the above prepared gel electrolytes were measured, in the temperature range of 25-60 o C, 
using a computer-controlled Schlumberger 1260 Impedance Analyzer, in the frequency range of 20 Hz to 10 MHz, 
and an applied voltage of 20 mV using stainless steel electrodes. DC polarizat ion measurements were taken by 
sandwiching the electrolyte between two stainless steel blocking electrodes under a b ias voltage of 1 V at 25 o C. 
Photovoltaic characteristics were obtained under light intensity of AM 1.5 (100 mW  cm-2) and active cell area of 
0.25 cm2 using a solar simulator (PECCELL PEC- L01) with a source meter (Keithley 2400) at 25 o C.  The 
photocurrent action spectra were obtained using a PVE300 (Bentham) and a TMc 300 (Bentham) monochromator-
based instruments.  
3. Results and discussion. 
3.1.  Conductivity of the gel electrolytes. 
The ionic conductivities of the gel electrolytes comprise of both cationic (Pr4N+) and anionic (I-) conductivities. 
However, action of the DSC depends only on the anionic (I-) conductivity. In this system, the cation is bulky and 
hence the anion conductivity is significant.  Figure.1 shows the influence of temperature on the conductivity of the 
gel electrolytes. With the increase of temperature, ionic conductivity increases for each gel electroly te system. The 
obtained curves of ionic conductivity of the gel electrolytes at elevated temperatures fit well with the Arrhenius 
equation which is described in equation (1). 
 
VT = A exp[-Ea / kT]                                                                                                                                              (1) 
 
where, Ea is the activation energy, k  is the Boltzmann constant, A is the pre-exponential factor and T is the 
absolute temperature. The maximum room temperature conductivity of 8.69 × 10-3 S cm-1 was obtained for the gel 
composition which is composed of J-BL 77% and Pr4N+I- 23% by weight percentage. As in Table 1,  ionic 
conductivities of the gel electrolyte samples at room temperature gradually increased with the increas e of salt 
concentration (A to D) , reaching a maximum and started to decrease with further increase of the salt concentration 
(D to E). At low salt concentrations Pr4N+I- salt tends to fully d issociate. Moreover, the number of mobile ions also 
increases with further increase of the salt concentration and at a certain point of high salt concentration, it tends to 
form ion pairs and thereby decrease the ionic conductivity. However, Pr4N+I- does not dissolve in J-BL beyond the 
25% of weight percentage. Further, the results obtained from the DC polarization measurements confirmed the ionic 
nature of the gel electrolyte systems as the initial current dropped immediately and asymptotically approached 
steady state. 
 
Table 1.  Room temperature (25 oC) ionic conductivity values of the gel electrolytes and their composition. 
 
 
                  Gel composition             Ionic conductivity of the gel electrolytes  
                                                                          (×10-3 S cm-1) 
 
90% J-BL 10% Salt  (A)                                     4.96 
85% J-BL 15% Salt  (B)                                     6.44 
80% J-BL 20% Salt  (C)                                     8.02 
77% J-BL 23% Salt  (D)                                     8.69 
75% J-BL 25% Salt  (E)                                     6.87 
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    Fig.1. Ionic conductivity values of gel electrolytes with temperature. 
 
3.2. Photovoltaic characterization of quasi-solid-state dye-sensitized solar cells.  
     The photovoltaic measurements of the DSCs are summarized in Table 2. It clearly shows that out of five samples 
that were studied, highest efficiency of 6.33% was obtained for the DSC assembled with gel electrolyte which 
showed the highest ionic conductivity at room temperature. The DSC assembled with gel electrolyte which has the 
composition of 77% J-BL and 23% salt showed an open circuit voltage of 0.636 V and a current density value of  
15.7 mA cm-2.   
Table 2. I-V measurements obtained for the DSCs assembled with gel electrolytes. 
 
 
      Composition of the gel 
electrolyte Jsc (mA cm
-2) Voc (V) ff K %  
 
90% J-BL 10% Salt  (A) 10.9 0.681 0.600 4.44 
85% J-BL 15% Salt  (B) 12.2 0.648 0.677 5.36 
80% J-BL 20% Salt  (C) 14.5 0.666 0.647 6.23 
 77% J-BL23% Salt  (D) 15.7 0.636 0.634 6.33 
75% J-BL 25% Salt  (E) 12.7 0.659 0.703 5.88 
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Fig.2. I-V characteristic curves obtained for the gel electrolytes under AM 1.5 (100 mA cm-2) irradiation. (A) 90% J-BL 10% salt , (B) 85% J-BL 
15% salt , (C) 80% J-BL 20% salt , (D) 77% J-BL 23% salt, (E) 75% J-BL 25% salt. 
3.3. Photocurrent action spectra.  
     The incident photon-to-current conversion efficiency (IPCE) spectra obtained for the DSCs assembled with 
different compositions of gel electro lytes are shown in Fig. 3. These curves provide a clear idea of the JSC values 
obtained for the cells assembled with the gel electrolytes. Here, maximum IPCE value of 50% was obtained for the 
incident light of wavelength 540 nm for the gel electro lyte which has the composition of 77%  J-BL and 23% salt  
(electrolyte ‘D’) and the broad spectrum obtained for the corresponding gel electrolyte clearly supports its high J SC 
value of 15.7 mA cm-2 while other electro lytes ‘A’, ‘B’, ‘C’ and ‘E’ showed 44%, 48%, 49% and 39% IPCE values 
respectively at same wavelength. These values clearly correlate with their corresponding JSC values. This concludes 
that, in gel composition (D) efficient charge injection  takes place from dye to conduction band of the TiO2 upon 
photoexcitation. Lower IPCE values obtained for electrolyte A must be due to its insufficient amount of iodide 
species available in the gel electrolyte to regenerate the oxid ized  dye. Less mobility of the iodide species due to ion 
aggregation must be the reason for lower IPCE value obtained for electrolyte ‘E’.  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Fig. 3. The IPCE spectra obtained for the DSCs assembled with the gel electrolytes.  
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4.  Conclusion  
A new polymer free quasi-solid-state electrolyte  was prepared  with plasticizer J-BL along with Pr4N+I- salt, 
iodine and fumed silica. Highest efficiency of 6.33% was obtained for the optimum gel composition of 77% J-BL 
and 23% salt. The short current density and the open circuit voltage were 0.636 V and 15.7 mA cm-2 respectively. 
The gel exh ib its predominantly ionic nature and a favorable room temperature ionic conductivity value of       
8.69 × 10-3 S cm-1. 
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